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ABSTRACT
Effects of Tackification Agents on Room Temperature
Epoxy Mechanical Properties
Garen B. Murray
Department of Manufacturing Engineering, BYU
Master of Science
When laying up dry composite materials and aligning the fibers in the appropriate
directions it can be a challenge due to the dryness of the fiber and mold design. Several
commercial products are available to help fix plies to molds keeping the proper fiber orientation
depending upon mold geometry. Prepreg and wet layups do not have this problem due to the
inherent inclusion of a matrix in their manufacturing, dry materials have no added epoxy at the
time of layup and are therefore in need of assistance maintain position.
The purpose of this research is to determine if Super 77™ or EPON™ 2002 increases or
decreases mechanical properties of the neat resin and composite laminates; if the increase or
decrease is dependent upon the type of epoxy, and if the amount of applied tackifier can be
optimized towards a high or low application quantity to minimize any detrimental effects to
mechanical properties.
Each tackification agent was applied in high and low concentrations to eight composite
panels, with two control panels. The EPON™ was applied manually and set with heat exposure
while the Super 77™ was sprayed from an aerosol can. The Super 77™ plies were stacked and
pressed by hand while the EPON™ plies were stacked and ironed together to create panels,
which were then infused with one of two room temperature infusion epoxies, MVS 610 or INF
114. The panels were then cut to specimen size for testing. Neat resin specimens were cast in
silicone molds with high and low concentrations of tackifiers and allowed to cure for 12 hours at
room temp, then heated to 60° C for 8 hours.
Both Super 77™ and EPON™ 2002 reduced the SBS for both epoxies, but Super 77™
reduced the short beam shear more than EPON™ 2002. The modulus of the neat resin cast
specimens with high concentration were between 0 to 20% lower than neat resin with no
tackifier; the tensile strength was increased for those specimens with Super 77™ and lower for
those with EPON™ 2002. Similarly, the Charpy test resulted in higher values for Super 77™
than for EPON™ 2002. The effects of Super 77™ and EPON™ 2002 are complex and varied
depending on application concentration, resin, and tackifier type; but the addition of any tackifier
reduces mechanical properties from non-tackified laminates.

Keywords: tackification, tackifier, binder, spray adhesive, resin infusion, vacuum infusion, outof-autoclave, composite, laminate, epoxy casting, short beam shear, EPON™ 2002, 3M™ Super
77™
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INTRODUCTION

One challenge inherent with working with composite materials is alignment and retainment
of fibers inside or on the mold. This challenge varies depending on the specified materials and
manufacturing processes. Prepreg materials are tacky and adhere to mold surfaces and laminate
layers as they are built up. Wet layups are less tacky than prepreg but still allow the fiber to be
aligned and remain with the mold when the operator removes their hands from the layup. Dry
fiber layups can be the most difficult for maintaining fiber orientation while building the
laminates because the layers can shift, slide, or fall off the mold, unless some form of
tackification is used.
Tackification can be gained through several means, e.g., chemical adhesion, preforming,
pressure sensitive adhesive, vacuum debulking, or mechanical pressure. Examples of chemical
adhesion are a sprayable rubber cement applied between layers, a sprayed base coat that controls
one-layer, thermoplastic sheets applied between layers and heat-set to retain fiber orientation
(Wang 2016), or powdered epoxy resin generally compatible with the specified part’s resin
matrix (Hillermeier 2001, Shi 2001, Angal 2002, Estrada 2002).
Powdered epoxy resin offers some potential advantages over other methods because of its
ability to blend with the matrix epoxy changing its neat resin characteristics as well as the
characteristics of the cured laminate. Studies have investigated ways of applying the epoxy resin
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as a tackifier, dissolving in acetone to create a sprayable solution (Hillermeier 2001, Angal
2002), application by sifting using common baking tools, and shaking onto the laminate
(Hillermeier 2001, Shi 2001). In each of these cases it is necessary to apply heat for 20 minutes
to the powdered or dissolved epoxy to adhere it to the material.
There is some evidence that such tackifiers, while aiding in layup, detrimentally affect the
mechanical properties (Schmidt 2019), due to modification of the matrix resin properties,
especially at the ply-ply resin rich interfaces. The effect of such tackification on laminate
mechanical properties is poorly documented in the literature, however. Most tackification
knowledge is from operator’s personal experience and kept internal to a manufacturer.
This study aims to add knowledge to this problem area, by characterizing the effect of
tackification on both neat-resin and laminate properties. Perhaps the two most ubiquitously
industry-used binders (tackification agents) are the powdered epoxy EPON™ 2002, and the
spray adhesive 3M™ Super 77™. These two different binders (tackification agents) will be
investigated, in no-binder, “low”, and “high” concentrations, and for two different epoxy matrix
resin systems. The two resin systems to be studied are common room temperature infusion
resins, PRO-SET® INF 114 and PTM&W MVS-610. A variety of mechanical properties,
dependent on matrix quality, will be tested on samples made with each of these combinations of
treatments. The purpose of this research is to determine:
1. which binder, EPON™ 2002 or Super 77™, results in better mechanical properties,
2.

is that performance dependent on resin type, and

3.

is that performance proportional to the concentration of the applied binder.

2

It is hypothesized that use of the EPON™ 2002 powder tackifier will result in better laminate
mechanical properties than the Super 77™ spray binder, or at least less of a detriment to
performance than the spray binder. This hypothesis is based on the chemical structure of the two
binder candidates. EPON™ 2002 is a bi-functional epoxy, i.e., contains one epoxy group at each
end of its molecular structure. The molecular structure of EPON™ 2002 can be seen in Figure
1-1. Both epoxy resin matrix systems investigated in this study are also bi-functional epoxies,
with similar organic chemistry between the epoxy ends. In contrast, Super 77™ is a mix of
various organic solvents, and a proprietary phenolic resin, with possibly other proprietary resins
(3M™, 2022). Thus, the EPON™ 2002 is a very similar chemistry, and may be able to dissolve
into the matrix epoxy without much of an effect on the mechanical performance. Super 77™
may have epoxy resin in it, but that is unknown, and there are many dissimilar chemicals in the
mix. Thus, the Super 77™ binder is hypothesized to remain a discrete phase, and thus more of a
stress concentration in the matrix.

Figure 1-1: Structural Formula for EPON™ 2002

It is expected that the tackifier powder and spray adhesive will not be perfectly, evenly
distributed on the surface of the carbon fiber fabric, but that it will be distributed evenly and
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randomly enough to effectively hold the plies above it and provide valid data as the specimens
are cut randomly from the cured panels.

4

2

LITERATURE REVIEW

Composite materials are often made from a family of liquid-based processes known as liquid
composite molding (LCM). LCM processes include Resin Transfer Molding (RTM), which
involves high pressures and 2-sided metal tooling and is an increasingly popular process in the
automotive industry. Other LCM processes such as vacuum infusion (VI) involve 1 rigid tool
half, a vacuum bag on the other, and is used for larger parts, more common in the aerospace,
marine, and wind energy industries due to the lower mold cost for large parts. In LCM processes,
several process parameters have been related to the resulting performance and repeatability of
the process (Karbhari 1992, Hamidi 2016).
All LCM processes involve placing a dry reinforcement in the mold and then application of
the matrix resin, where the resin must infuse between the filaments of the reinforcement. The dry
reinforcement is usually some type of broad-good fabric, e.g., a woven, knitted, or stitched noncrimp fabric (NCF) textile, to better aid in handling the dry fibers, and facilitate faster layup of
material. These textile reinforcements can be based on either fiberglass, aramid, or carbon fibers.
Many of these textiles, especially high harness-count weaves, tend to fray at the edges during
handling and cutting the textile to the part shape. This damage associated with handling and
cutting can cause a lower fiber concentration along the edges of a mold, which results in a
phenomenon called race tracking, where the resin flows faster along the edges and can result in
dry spots in the molded part (Bickerton 1999).
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This type of pre-molding damage to the textiles can be mitigated by the common industrial
practice of using tackifiers (i.e., binders) to bond the fibers together (Shih 2001, Hillermeier
2001, Brinkman 1995). A common approach is to carefully lay the broad good layers on top of
each other, with a tackifier applied between the ply layers, bonding them together, and then cut
and form the tackified layers to the part shape. This also allows the common practice of
“preforming,” where the dry layers are built into a preform of the part which can then be quickly
dropped into the molding tool, instead of spending long time building up the layers one at a time
in the molding tool. Throughout these preforming and handling steps, tackifiers prevent or at
least reduce ply slippage and spring-back and reduce fraying during cutting. These benefits of
tackifiers have long been generally understood industrial practice, with scant published research
on the science of tackification.
Current application methods for applying tackifiers are: 1) spraying tackifier on the fiber by
dissolving it in a solution such as acetone, or 2) pressing tackifier materials into the fibers with a
heated press. These methods utilize various materials for the tackifier such as: thermoplastic web
(Wang 2016), sprayable rubber cement, and sprayable solutions of either thermoplastic powder,
thermoset powder (Shih 2001), or an epoxy without the hardener as this work will investigate.
Current application methods have varying process times. Some sprayable tackifiers can be
handled within minutes of application, while others require a heating cycle to bake out the
solvent (Wang 2016). Thermoplastic web tackifiers as well as powder tackifiers require a heat
set in a press to “activate” the thermoplastic by getting it to flow between fibers and glue the
plies together (Wang 2016). The time required depends on the pressure and temperature applied,
as well as the bond strength required.
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Each application process applies a different amount of tackifier per area, which has an impact
on the epoxy matrix’s ability to penetrate the tows of the fabric (Shih 2001). The amount of each
tackifier required in the fabric varies by application process, but the lower the amount of binder,
the better the results of matrix-dominant tests (Schmidt 2019).
The uniform dispersion of the tackifiers has proven to vary. As the local concentration of
tackifier can affect the permeability and mechanical properties, a homogeneous application
would benefit a manufacturer. But in practice, the powder and spray application processes used
in industry may result in high variability in local concentration. A sifter has been used to apply
the powdered tackifier on the fabric as evenly as possible (Shih 2001).
As mentioned above, the initial application of the loose powder is usually followed by a heat
treatment, often coupled with pressure, to “activate” the tackifier by causing it to flow between
the fibers of the reinforcement (Shih 2001, Hillermeier 2001). This homogenizes the tackifier
application from loose powder particles on the surface of the plies, to more of a uniform film
between the fibers. This also causes the tackifier to flow into, and seal, i.e., block off the interfiber flow channels in which the resin must flow through when later molding the composite
material. This blockage of flow channels causes a decrease in the fabric permeability, adversely
affecting processing by requiring higher pressure and lower viscosity to fill the part (Estrada
2002, Endruweit 2006, Rohatgi 1997). The potential risks include void formation and dry spots
after molding. Tackifiers can be designed to seal more of the inter-ply resin flow channels, or the
intra-ply gaps between fiber bundles, but both will affect the filling of the part (Rohatgi 1997).
Many tackifier materials are designed to dissolve into or co-cure with the matrix resin and
thus lessen any detrimental effect on the mechanical properties (Schmidt 2019). Dissolving
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tackifiers are also designed to minimize the adverse effect on the flow permeability, by removing
the blockages between the fibers. A co-curing epoxy is designed to result in the highest adhesion
strength because of the primary covalent bonds linking the tackifier to the matrix. Some
tackifiers are designed to neither dissolve nor co-cure with the matrix, but instead to remain as a
toughening agent, continuing to bind the separate plies together even after resin cure, to improve
the inter-layer mechanical properties (Estrada 2002).
Previous research has focused on the effects of tackifiers upon the flow-ability (permeability)
of the resin during processing (Estrada 2002, Endruweit 2006, Rohatgi 1997). But current
literature does not address the effect of tackifier on the ultimate mechanical properties of either
the neat resin or the cured composite laminate. Understanding the effect of tackifiers is critical to
understanding the properties of the cured laminate with tackifier, and then being able to optimize
process parameters related to tackifier application to optimize the resulting mechanical
performance of the composite. The amount of tackifier applied on the fabric will directly affect
the mechanical properties of the cured laminate, as this adds either more resin to the total matrix
amount, thus altering the fiber to resin ratio, or adding a non-dissolving / curing additive in the
matrix system. In the case of a dissolving or co-curing matrix, this decreases the fiber volume
content of the composite by adding more resin than is needed. In the specific case of a co-curing
matrix, such as an epoxy tackifier without the hardener, the tackifier will increase the epoxy to
hardener ratio, and thus may require accounting for this when mixing the epoxy and hardener for
molding. If one does not follow the manufacturer’s guidelines on resin to hardener ratios, then a
less cured matrix results, with detrimental mechanical effects associated with incomplete cure.
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This study will aim at filling this gap in the literature, by examining the effects of varying
amounts of tackifier in the resin on the mechanical properties of both the neat resin and
composite laminate. The use of tackifiers is ubiquitous in the LCM processing industry, thus the
potential impact of this study is high.
The few previous studies investigating the effects of tackifiers have used high temperature
resin systems in combination with the tackification methods. This work addresses the effects of
tackifiers on room/low temperature cure resins wherein the cure cycle does not require an
increase in temperature for complete cure. Room/low temperature resins still produce heat as part
of their cure profile, but it is generated by the chemistry of the material not by an outside source.
This lack of heat from an outside source may prevent the tackifier in this work from mixing with
the epoxy components during cure. If it can be determined that the tackifier does not decrease
mechanical properties, its use could expand from the high temperature market to the low
temperature market.

9

3

METHODOLOGY AND EXPERIMENTAL DESIGN

Materials
The technical data sheets for all materials used during testing are available for review in
Appendix D and are described in the following sections.

3.1.1 Resins
Two room temperature epoxy resins were used for testing:
1. PRO-SET INF-114 resin with INF-211 hardener, and
2. PTM&W MVS-610 resin with 615 hardener.
Throughout this work they shall be respectively referred to as “INF” and “MVS.” While both
resins allow room temperature cure at feasible cure-cycle durations, they exhibit greater
mechanical characteristics after a post cure. To this end, all neat resin (unreinforced) specimens
were heated to 60°C for 8 hours after 12 hours of curing at room temperature. The two epoxies’
properties will not be compared against each to determine which is superior; that determination
is dependent upon application, material requirements and many other variables. Rather, these
two epoxies will be compared in terms of how well they retain their properties with the binderapplication. Results will show the effects of the binder application at varying concentration.
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After the samples were cured for a minimum of 12 hours they were placed in an oven and
warmed to 60°C for a minimum of 8 hours to achieve a high cure extent. Before undergoing
other mechanical testing, samples from each casting or laminate were tested for hardness to
verify that the resin in every sample was approximately equal in cure extent.

3.1.2 Reinforcement
Each laminate test specimen was made using a bi-axial SAERTEX® non-crimp fabric (NCF)
as the reinforcement. This NCF reinforcement consists of Grafil™ carbon fiber, polyester veil,
and polyester stitching to stabilize the fiber to the veil. The biaxial label refers to the carbon fiber
layers, but this NCF has three layers:
1. A 30 g/m² polyester fleece whose purpose is to stabilize layer two and three.
2. A layer of 90° tows weighing 283 g/m².
3. A layer of 0° tows weighing 283 g/m².
The three layers are held in place by polyester stitching fiber, at an areal weight of 6 g/m² in
a tricot-warp pattern.
Four layers of this NCF reinforcement, cut into eight-inch squares, were stacked for each
laminate. Each laminate panel was laid up with these four plies oriented in a stacking sequence
of [0°,90°,90°,0°]. The four-layer stacks produced cured laminates with thicknesses of
approximately 4 mm. The panels were produced in eight-inch squares to allow for enough
material to provide all laminate samples to be cut from the laminate.
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3.1.3 Binders
Two tackification agents, i.e., “binders” were used in this study: HEXION™’s EPON™
2002 and 3M™ Super 77™ Spray Adhesive. This study will determine the effect on the
mechanical properties, from application of these binders in varying concentration.
EPON™ 2002 is a white powder that has been jet-milled to consistent/uniform particle
sizes between 105 and 590 microns. EPON™ 2002 is a solid bisphenol A / epiclorohydrin epoxy
resin designed to help powder coating applications achieve a thin film during cure. It has a melt
viscosity of 20 to 40 poise at 150°C. This low viscosity at increased temperature makes it a
commonly used candidate for high temperature LCM applications. As a side-benefit of this
study, this binder’s applicability for low temperature LCM will be evaluated as well.
3M™ Super 77™ Spray Adhesive is described as “a high tack, high coverage, and fast
drying adhesive” (3M™, 2022). It contains 27% solids by weight and produces a mist spray
pattern when applied. It has a 15-second to 15-minute bond time. It is available commercially in
many locations and has 124 ft² to 220 ft² of coverage per can depending on size. It’s availability,
cost, and coverage make it an attractive option for stabilizing ply patterns in and on molds.
Because it is a spray adhesive with a flammable propellant, flammable solvent, and guarantees
overspray when used, it does have its drawbacks associated with material safety.
These two binders will be referred to as “tack” type (EPON™ 2002) and “spray” type
(Super 77™) throughout this study. Both binder materials could be applied as a tacky veil or in a
spray solution. The “tack” and “spray” monikers simply refer to the most common mode of
application for these two.
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Specimen Design
Two forms of specimens are required for this study:
1. cured neat-resin epoxy specimens, and
2.

cured, reinforced composite laminates.

Table 3-1: Neat Resin Sample Binder Treatments

Label

Epoxy Specimens Labeling Method
Tackifier

Epoxy Resin/Hardener

INF No Tack

No Tackification

INF 114 / 211

INF Tack low

EPON™ 2002 1.2% - 2.4%

INF 114 / 211

INF Tack high

EPON™ 2002 4.8% - 5.9%

INF 114 / 211

INF Spray low
INF Spray high

Super 77™ Spray Adhesive 1.2% 2.4%
Super 77™ Spray Adhesive 4.8% 5.9%

INF 114 / 211
INF 114 / 211

MVS No Tack

No Tackification

MVS 610 / 615

MVS Tack low

EPON™ 2002 1.2% - 2.4%

MVS 610 / 615

MVS Tack high

EPON™ 2002 4.8% - 5.9%

MVS 610 / 615

MVS Spray low
MVS Spray high

Super 77™ Spray Adhesive 1.2% 2.4%
Super 77™ Spray Adhesive 4.8% 5.9%

MVS 610 / 615
MVS 610 / 615

Table 3-1 shows the combinations of variables for the epoxy specimens which were cast
as dog bones and beams. With the two resin types, two binder types, and three levels of binder
concentration (where “no binder” is redundant to both binder types), a total of 10 different types
of treatment combinations were made into samples. Similarly, ten laminate panels were made to
address the cured laminate needs, for which the treatment combinations of fabric, resin, and
tackifier can be seen in Table 3-2. For both neat resin and the laminate samples, a baseline was
13

tested with no binder added. Replicate samples were also created with “low” and “high
concentrations” of both the tack and spray binders, according to these two tables.

Table 3-2: Laminate Sample Binder Treatments

Laminate Labeling Method
Label

Tackifier

Epoxy
Resin/Hardener

Fabric

INF No Tack

No Tackification

INF 114 / 211

SAERTEX® 0/90

INF Tack high

EPON™ 2002 2% - 4%

INF 114 / 211

SAERTEX® 0/90

INF Tack high

EPON™ 2002 8% - 10%

INF 114 / 211

SAERTEX® 0/90

INF 114 / 211

SAERTEX® 0/90

INF 114 / 211

SAERTEX® 0/90

INF Spray high
INF Spray high

Super 77™ Spray Adhesive 2% 4%
Super 77™ Spray Adhesive 8% 10%

MVS No Tack

No Tackification

MVS 610 / 615

SAERTEX® 0/90

MVS Tack high

EPON™ 2002 2% - 4%

MVS 610 / 615

SAERTEX® 0/90

MVS Tack high

EPON™ 2002 8% - 10%

MVS 610 / 615

SAERTEX® 0/90

MVS Spray
high
MVS Spray
high

Super 77™ Spray Adhesive 2% 4%
Super 77™ Spray Adhesive 8% 10%

MVS 610 / 615

SAERTEX® 0/90

MVS 610 / 615

SAERTEX® 0/90

The concentration amounts used in the samples were not decided by calculation but by
assessing industry standards and requirements to maintain the location of plies while being used.
In production facilities the application of powder tackifier can be controlled and monitored while
the application of spray adhesive is left to the individual user and their experience. Two to four
percent and eight to ten percent were chosen because they represent the lowest amount that may
be adequate and the highest amount that may be required to fix plies in place during layup
operations. The range in each concentration (e.g., “8 to 10%”) is simply to accommodate the
limitation in precision with binder application.
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Each test method requires a unique test specimen geometry. The same set of test
specimens was made for each treatment combination listed in Table 3-1 and Table 3-2. Neat
resin samples were cast in unique molds for each of the test types: long strips from which to cut
several hardness and Charpy toughness samples, and five dog bones for tensile strength tests. All
neat-resin samples were degassed for a minimum of 5 minutes after mixing the resin, hardener,
and binder, and then cast in a 2-part mold for dog bones and an open face mold for strips.
Initially, neat-resin samples were cast with the same concentrations as the laminate
samples. While molding dog bone specimens from the neat resin at these concentrations, some
interesting challenges were encountered. While mixing the “tack”-binder into the epoxy it did
not dissolve or disperse into the epoxy, it remained as a mass of powder. With increased stirring
the central mass of powder separated into many smaller masses of seemingly coagulated powder.
The material was stirred for additional time and when no groups of powder were seen the resin
was degassed and poured into the funnel. Watching the resin come out of the mixing cup, one
could see clear clumps of material falling into the funnel. Shortly thereafter the epoxy stopped
flowing out of the funnel into the cavities of the mold.
To address this issue the concentration of binder for the neat-resin samples was
decreased. The amount shown in Table 3-1 is the decreased concentration and was by
calculation. 8 to 10% by weight of resin is dissimilar to 8 to 10% by weight of fiber. The
percentage of powder tackifier by weight of resin placed on the panels was calculated and used
for the neat resin concentrations. These values were less than the 8 to 10% and were then able to
be mixed with epoxy and successfully cast.
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The percent concentration of binder was lower in the neat-resin samples than the laminate
samples, to aid in the casting process. Higher concentrations such as those used in the laminate
samples proved difficult to cast a solid part. It is suspected that the higher concentrations cause
too much of a microstructural discontinuity for the part to hold together. These lower
concentrations more closely correspond with the actual amount of each tackifier by weight of
resin on the panels.
For the laminate samples, square panels eight inches wide were made of each of the
treatment combinations in Table 3-2. The plies were tackified on one side only. Each powder
tackified ply was locally heated with a handheld iron to adhere each layer together while plies
with spray adhesive were simply pressed together by hand. Test panels were infused following
vacuum infusion (VI), i.e., VARTM principles. After cure, the test specimens were then cut from
each of the ten manufactured panels using diamond cutting tools to produce appropriate
specimen sizes for each test. All-specimens of each treatment combination were cut from the
same panel to ensure consistency in the processing of the panel epoxy, tackifier, and properties.

Silicone Mold Making
To produce neat resin samples for tensile, impact, and hardness testing a silicone mold was
made that would produce five ASTM D638 Type I dog bone specimens. Existing Type I dog
bones made from ABS were used as a plug to create the mold. They were aligned vertically side
by side on a plate with approximately 0.5 inches between each piece. Alignment keys were
placed in the narrow portion between each dog bone; an additional alignment key was placed on
one side to assist in aligning the mold repetitively and correctly. A runner was placed above the
dog bones and gates were molded from clay leading to the dog bones. Walls were assembled
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around the perimeter to contain the mold casting resin. Mold-making silicone was then mixed,
degassed, and poured in one corner to create the first side of the mold.
After the silicone cured, the walls were removed, and the cured mold was flipped over.
Any flashing was removed from the cavities and edges. All alignment keys were removed. The
runner and ABS dog bones remained in the mold. Acrylic rods 0.25” in diameter were attached
to the top corners of the dog bone positives to provide a space for venting in the final mold. A
0.50” diameter acrylic rod was attached to the runner to act as a sprue to provide a fill location.
Walls were again assembled around the silicone mold. Mann Release Technologies Ease Release
200 was applied to all surfaces and cavities. Silicone was then mixed, degassed, and poured in
one corner of the mold until all areas were covered.
After curing and demold, the ABS dog bones, sprue, runner system, vents, and gates were
removed, and any flashing was cut off. Wooden boards were cut to support the top and bottom
surfaces of the mold during pouring and cure. The finished 2-sided mold is shown in Figure 3-1,
with an example of cast dog bones therein.
To create the beams for hardness and Charpy testing an open face mold was designed in
CAD that would produce 0.50-inch-wide beams 5 inches long. It was printed on a fused
deposition modeling (FDM) machine. It was then released, and silicone was mixed, degassed,
and poured into the mold. Because it is an open face mold, no vents, runner, or alignment keys
were required. After the silicone cured, the silicone mold was separated from the printed mold,
and all flashing was removed. The resulting mold is shown in Figure 3-2.
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Figure 3-1: Silicon Closed-Mold Used for Casting Tensile Dog Bones from Neat-Resin

Figure 3-2: Open Face Silicone Mold for Neat-Resin Beam Specimen Casting

For all neat-resin samples, the epoxy, hardener, and binder were mixed before casting neatresin samples or infusion into a laminate. While adding the spray adhesive to the mixed epoxy it
was sprayed directly into the mixing cup while on the scale, then stirred continuously until well
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mixed. After mixing, the solution was degassed for a minimum of five minutes, until minimal
bubbles were observed. Due to higher amounts of propellants and solvents, the spray adhesive
mixtures required the longest time to degas. The INF resin, spray-type in “high” concentration
showed the most bubbles, and was degassed for the longest time, namely 15 minutes before it
was ready for pouring.

3.3.1 Tensile Dog Bones
The two-part mold was released with Ease Release 200, closed, and boards were placed
underneath and on top of the mold. Two clamps were placed to keep the mold and boards
together without causing the silicone to distort or deform. Quarter inch diameter straws were
inserted into each of the vent holes. A half inch diameter tube with a funnel attached was placed
in the sprue. The vent and fill end of the mold were then elevated a minimum of 2 inches above
the other end. The dog bone casting assembly is shown in Figure 3-3.
Mixed and degassed resin was then poured into the mold via the funnel. The epoxy level
was monitored and before the funnel emptied, more epoxy was added. This continued until
epoxy rose a minimum of one inch up the vent straws. Example cast samples can be seen in
Figure 3-2 above, with the runner and gates still attached.
After curing at room temp for 12 hours the specimens were placed in a heated oven at 60°
C for 8 hours to increase toughness. Initial specimens shattered during the demold process due to
the brittle state of the resin. The heated post cure greatly aided in successful removal of the
samples from the molds.
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Figure 3-3: Dog Bone Mold Assembled with Vents and Pour Tube

3.3.2 Charpy and Hardness Specimens
Molding the Charpy and hardness samples was simpler than making dog bones. The mold
was released with Ease Release 200, and the degassed epoxy mixture was poured into the
cavities of the open face mold. Excess resin was then poured in the reservoir at the top of the
mold and the level of epoxy was allowed to flow evenly to and from all cavities until the epoxy
level was stable.
The specimens were then removed from the mold and cut to length for Charpy impact
strength testing. Before cutting, all pieces were aligned, and the gate end identified. The non-gate
end was placed next to the fence of the bandsaw and the gated end was removed from the
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specimen. The gated ends became the hardness specimens while the longer end became the
Charpy specimens. The Charpy specimens were then numbered on the non-gated end. When
testing in the Charpy impact tester, all specimens were placed into the fixture with the bottom
surface downward and the non-gated end oriented away from the post of the impact tester.
As previously noted, the orientation of each of the Charpy specimens was tightly
controlled throughout the testing phase. During manufacture of the first specimens, it was
determined that the floor, table, or mold were not level which caused the Charpy specimens to be
slightly thicker at one end than the other. To minimize the effect of the angle on the tests and
corresponding data, the open face mold was placed in the same location each time epoxy was
poured to make specimens. There is some variation in the thickness of the Charpy specimens due
to the amount of epoxy added to the mold; but that thickness gradient should be uniform across
all samples, and the width of each specimen was tightly controlled.

Laminate Production

3.4.1 Laminate Binder Application
For the laminate samples, the binder was applied directly to the fiber reinforcement
instead of mixing it with the epoxy and hardener.
3.4.1.1 Tack-Type Binder Application
To adhere the “tack” (i.e., powder) binder to the carbon fiber plies, the powder binder
must be heated. It is not necessary to apply pressure to the powder during or after heating
because the powder binder softens and wicks into the top surface. By applying too much heat for
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too long, the powder will liquify and wet out the tows of the laminate; when this happens, the
binder no longer functions to hold the plies together.

Figure 3-4: Tack-Binder Powder, “Low” Concentration, Before Heating: Natural
Appearance (Above), and Filtered (Below)

To adhere the powder binder to the veil side of the carbon plies, an infra-red lamp was
suspended above a table equipped with a lifting mechanism. The carbon fiber plies were each
weighed, and a concentration of binder calculated for each ply to have the appropriate amount of
powder applied. This amount of powder was weighed out into a cup for each ply. The plies were
each laid out on the lifting table and the powder was poured out onto the ply. To evenly
distribute the powder on the ply it was spread out on the ply taking care not to leave any clumps
on the surface. Figure 3-4 to Figure 3-7 show the appearance of the powder binder on the plies
before heating. Filters have been applied to reverse the colors of the photos to allow the viewer
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to better see where the powder is spread on the ply as the dark cloud. Note that in the filtered
photos, the loose carbon fiber strands appear white while they are black. Dark spots, e.g., on the
left in Figure 3-5, are areas where the tackifier was warmed enough to flow into the veil.

Figure 3-5: Tack-Binder Powder, “Low” Concentration, After Heating: Natural
Appearance (Above), and Filtered (Below)

Four plies were heated at a time. A thermocouple was placed in the middle of the heating
area. The heater was activated and allowed to warm for a few minutes. Once warm, the plies
were then allowed to soak until the binder softened and adhered to the material. Once heated the
table was lowered from the heaters and the plies were allowed to cool before the process was
repeated for the next set of 4 plies. This process was carried out 4 times in total, two panels had
2% to 4% (“low”) binder applied per ply and the other two had 8% to 10% (“high”) binder
applied per ply.
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Figure 3-6: Tack-Binder Powder, “High” Concentration, Before Heating: Natural
Appearance (Left), and Filtered (Right)

Figure 3-7: Tack-Binder Powder, “High” Concentration, After Heating: Natural
Appearance (Left), and Filtered (Right)
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To layup each tackified ply, peel ply was placed on top of the first ply, it was then flipped
over and the black side (carbon fiber side) of the material was heated with a household iron to
130°C (Figure 3-8) briefly applying pressure and heat to the back of the first ply.

Figure 3-8: Heating the Backside of the Ply to Activate the Powder Tackifier on the
Opposite Side

The peel ply was tested by hand for adhesion, then the next ply was applied to the back of
the first in appropriate orientation and with the veil, tackified side contacting the carbon side of
the first ply. The household iron was again used to briefly apply heat and pressure to the carbon
side of the second ply. This process was repeated for the third and fourth plies and for each
additional panel.
3.4.1.2 Spray Binder Application
To adhere the “spray”-type binder to the carbon plies, an overspray shield was built
around the scale. The mass of each ply was measured, then the appropriate amount of spray
adhesive was applied onto the top veil surface of the ply. Within a minute of adhesive
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application, each ply was adhered to the carbon side of the next ply in the layup. The last ply was
adhered to the peel ply, a disposable layer for the infusion process.

3.4.2 Infusion
Five panels were prepared for simultaneous infusion on the same flat mold plate. A glass
plate 0.25” thick was used as the mold, it was released with mold release wax. Each panel was
covered in peel ply, labeled, and placed on the glass mold in two columns, 3 panels in one, and 2
in the other. The panels were fixed in place with flash breaker tape.
The inlet was placed in the center of the mold and two outlets on the outside edges, each
outlet was a tube of MTI hose running the outside of the mold, parallel to the edges of the mold
taped on top of strips of peel ply. MTI hose is composed of plastic spiral tubing inside a GoreTex sheath which allows gas molecules to pass through the membrane but prevents liquids from
penetrating the membrane.
The MTI hose was connected to the vacuum through a resin trap via polyethylene tubing.
The inlet area was composed of red flow media folded on itself 4 times in the center of the mold
wide enough that it contacted the top edge of peel ply covering the fabric plies. The inlet was
spiral cut nylon tubing which was then attached to polyethylene tubing; it was stretched and
taped into position above the flow media in the center of the panel. Vacuum bagging was then
applied to the outside perimeter of the glass mold. The vacuum bag was drawn down and any
leaks were sealed. After -25 inHg was achieved the panels were vacuum debulked for 20
minutes. The epoxy mix was then prepared, degassed, and the infusion started. Figure 3-9 shows
the panel layup before vacuum bagging was applied. Note the two outlets on the left side of the
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figure and the one inlet on the right side. Figure 3-10 shows the same set of laminates, after the
vacuum bag has been placed and vacuum drawn.

Figure 3-9: MVS Panels Before Vacuum Bagging Applied

Figure 3-10: MVS Panels After Vacuum Bagging and Vacuum Applied

A few minutes into the infusion of the MVS laminates a leak was detected in the vacuum
bag. The leak was not so severe that the vacuum pump couldn’t keep up with it, but it did
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introduce air into the laminate. The leak was found and eliminated, but not before the MVS resin
had increased viscosity enough to gel, i.e., stop the infusion. The panels were allowed to cure
under vacuum at room temperature, and then the vacuum bag was removed along with all the
disposable materials. The panels were left on the glass mold for post-cure, as a few of the panels
did not completely infuse, but were dry up to 2 inches from the edge of the panel.
Replacement flow media was added to the mold from the edge of one dry panel into the
edge of the adjacent panel in the second column. Peel ply was added where necessary to aid in
releasing, a new inlet and two new outlets were installed. The mold was then vacuum bagged
inside a tube bag and sealed. Vacuum was applied, the bag drawn down, and leaks were sealed
and after 20 minutes at -25 inHg, additional MVS resin was mixed, degassed, and infused into
the laminate. No leaks developed after the infusion started.
The above process was repeated for the five panels with the INF resin, but with two small
differences. The flow media on the panels reached half-way down each panel to aid the flow.
The second difference was the vacuum bag. This infusion was placed in a tube bag again to
minimize the risk of bag leaks. The INF panel infusions proceeded without incident, e.g., no
detectable leaks.
After the epoxy hardened, the vacuum bag was removed, the panels were labeled, then
removed and weighed

3.4.3 Laminate Specimen Cutting and Preparation
To produce specimens from each panel, one edge of each panel was ground flat to
remove any flashing or stray fibers. A diamond bladed table saw was used to square two edges,
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then the 0.25-inch strips and 0.50 in strips were cut for short beam shear (SBS) testing and Izod
impact testing. These specimens were then cut down to 0.875-inch lengths. The SBS and Izod
specimens were cut with a diamond coated disk which had 0.020-inch kerf, aiding in handling
and safety.
Specimens for Charpy impact testing were cut in the panel warp (i.e., 0°) direction with a
diamond grit blade to create specimens 14 mm wide. The specimens were then rotated and cut to
79 mm long on the table saw. Each specimen was wet sanded on 320 grit sandpaper to remove
sharp edges or burrs.
All specimens were cut such that the warp directions in plies 1 and 4 were in the zero
direction of the laminate and the blade cut in the zero direction.
All specimens were deburred by wet sanding the edges with 400 grit sandpaper. This
served to make the specimens safer to handle and to act as a quality control step verifying the
fibers were cut completely through. The topmost layer of polyester veil did not cut as well as the
carbon fiber panels and, in many instances, clung to the cut strips as burrs. Sanding the edge of
the specimen removed the remaining veil.

Sample Testing

3.5.1 Hardness
As the thermosetting reaction continues, the chemical structure’s available crosslink sites
continue to be used up as the crosslinks are formed. The percentage of available crosslinking
sites which have already made crosslinks is termed the cure extent. Cure extent can be
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determined on an absolute basis with expensive testing such as differential scanning calorimetry
(DSC), where the exothermic heat evolved during the thermosetting reaction can be compared to
the total heat of reaction available to that resin. But the relative cure extent can be simply
evaluated with a quick poke with a hardness scale. Hardness is related to the tensile and flexural
properties, which increase with the number of crosslinks, due to the higher molecular weight and
steric entanglement.
Thus, hardness is an industrially common and relatively simple way to evaluate the cure
extent of a thermosetting resin. In the case of this study, hardness measurements were made to
ensure that there is no significant difference in the cure extent between samples, i.e., that any
other differences in mechanics are caused by the binder treatment differences only, and not
confounded with any cure extent differences.
To verify the cure of the neat resin and composite laminates the specimens were tested on
a REX-Durometer shore D hardness tester, as per ASTM 2240 “Durometer Shore Hardness.”
This system was calibrated using a calibration sample. Each specimen was loaded in the tester in
the same orientation and the durometer gauge was lowered to the surface of the specimen. In
every case the hardness spiked then dropped two to three units of hardness. The highest hardness
value was recorded in each case.

3.5.2 Tensile Testing
Tensile testing may be the most tested mechanical property. Neat-resin plastic samples
are commonly tested in tension to determine mechanical performance. In composite laminates,
however, tension type failures are rare due to the strength of the reinforcement fibers. Thus,
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tension testing is of little interest for composites and the laminates in this study were not
subjected to tensile testing.
Tensile testing was performed on the neat-resin samples from this study, as per ASTM
D638 “Standard Test Method for Tensile Properties of Plastics”, with Type I dog bone sample
dimensions. This testing was performed with an Instron 3345 universal testing machine and 5 kN
load cell. Each sample was loaded in the fixture grips, by first clamping the bottom grip on the
sample, ensuring that the sample was as vertical as possible. Then the upper fixture was lowered
into position, and then clamped on. This process always induced a small amount of pre-shear, but
this was always less than 5% of the ultimate tensile force and was included in the total force
measurement. The sample was then pulled apart at the rate of 5 mm/min until break. An example
finished test is shown in Figure 3-11. The force and extension were measured by the Instron
machine at a frequency of 10 Hz. The stress-strain plots were highly linear, typical to a crosslinked stiff polymer such as these epoxies. Thus, the ultimate stress and strain occurred at the
point of fracture.

Figure 3-11: Example Neat-Resin Tensile Test (Left). Close-Up View (Right)
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The cast dog bone samples were thinnest in the middle of the sample, and thickest at the
outside edges. This is thought to be due to cure shrinkage, which is higher than the usual
composite due to the lack of reinforcement in these neat-resin samples. Fiber reinforcements in a
composite sample both constrain the shrinkage and reduce the shrinkage magnitude due to a
lower resin volumetric percentage, i.e., more of the composite is fibers which do not shrink.
Thus, these neat resin samples were cast to the ASTM Type 1 dimensions, but the thickness
ended up being lower than the prescribed 3 mm in the middle of the sample cross-section. For all
samples, the minimum thickness (h) was measured with calipers after testing, at the location of
the fracture during the tensile test. This, the sample width (W) and the maximum force-load (F)
recorded during the tensile test were used to calculate the tensile strength (σ) as the force per unit
area of the cross-section:
σ=

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹

(3-1)

ℎ𝑊𝑊

The maximum extension (ε) was calculated as the displacement at break divided by the
sample span length, i.e., the gap between the sample-holding grips. The tensile modulus (E) was
then calculated as the quotient between the tensile strength, and the ε:
𝐸𝐸 =

𝜎𝜎

(3-2)

𝜀𝜀

3.5.3 Izod and Charpy Impact Toughness
Impact strength is another common measurement of a plastic’s integrity, or the integrity
of the matrix in a composite sample. Concerning the latter, most mechanical properties of a
laminate are determined by the reinforcement due to its ability to carry the load. But impact
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strength is a complex mix of surface damage initiation and crack propagation. The former is
related to the matrix toughness, and the latter is related to the reinforcement. Thus, the matrix
integrity plays a role in impact strength, and this property should be sensitive to binder treatment.
The impact toughness measurements were made as per two different types of pendulumswing tests:
1. (Izod) ASTM D256 “Standard Test Methods for Determining the Izod Pendulum Impact
Resistance of Plastics” - method A (cantilever beam test).
2. (Charpy) ASTM D6110 “Standard Test Method for Determining the Charpy Impact
Resistance of Notched Specimens of Plastics” - type I.
The main difference between these two test methods is the orientation of the sample. Izod
testing involves a sample sticking straight up, is only supported at the bottom end of the sample,
and the pendulum striking edge swings through the top end. Charpy testing involves a longer
sample, that’s held horizontal to the ground, supported at both ends, and the pendulum swings
through the middle.
Neat-resin specimens were only tested in the Charpy configuration, while laminate samples
were tested in both Izod and Charpy configurations. Both types of tests were performed using an
Instron Dynatup model DI-300 pendulum impact testing machine on a SATEC tower. The neatresin specimens were tested using a 13 lb. pendulum head raised to 75 degrees from vertical. The
laminate specimens were tested using a heavier 66lb swinging pendulum, which was also raised
75 degrees from vertical.
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In all cases specimen thickness and width was measured before testing to assess any impact
geometry may make on the results. Laminate specimens were each located on the test fixture
with the tool side toward the machined steel of the fixture and the peel ply surface was placed
facing the swinging weight. The neat resin samples were placed on the test fixture maintaining
orientation between specimens. Each specimen required cutting to fit into the test fixture. They
were placed with the bottom of the specimen on the fixture and oriented with the cut end of the
specimen toward the post supporting the pendulum of the machine. Figure 3-12 shows the
impact testing machine with a laminate specimen in place and the weight raised for testing.
Figure 3-13 shows a laminate specimen loaded in the test fixture ready for testing, both for Izod
and Charpy configurations. For the Izod samples, a fixture was used to mount the samples with
roughly equal height above the mounting tool.

Figure 3-12: Pendulum Impact Test Setup, with Sample Setup and Weight Raised
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Test Specimens

Figure 3-13: Impact Strength Sample Mounting for Izod (Left) and Charpy (Right)

For both Izod and Charpy, the energy measurement during the pendulum swing is
digitized by the Dynatup machine. The result is displayed in ft-lbs. and is automatically corrected
for windage and friction. This result was then nominalized by the sample width (W) and
thickness (h) to determine the impact strength (I). The failure mode exhibited a high degree of
variation in these samples; thus, the side edges were colored with a silver sharpie marker to help
ascertain the type of damage, and photographs were captured of each of the samples post-testing.
The sample size for both Izod and Charpy testing is different from that specified in the
ASTM standard. The samples were notably significantly shorter and thinner than ASTM
standards, and slightly wider than the high-end of the specified width range. The samples were
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also un-notched whereas ASTM prescribes a specific notch geometry. These changes were made
to accommodate the laminate thickness, and to reduce any error from machining precise notches
into the samples. Thus, the impact strength results in this study are not meant for absolute
comparison to other studies, but for the relative comparison between samples in this study.

3.5.4 Short Beam Shear (SBS)
Interlaminar shear failures are thought to be a common failure method for composite
products, as the thin layer of non-reinforced resin between the plies is a stress concentration
point, i.e., much weaker than the other directions in which fibers carry the load. This is also one
of the few critical mechanical properties of a composite that is exclusively dependent on the
matrix properties, as fibers are not involved in this test or its corresponding failure type. The
interlaminar shear strength is highly sensitive to the matrix quality, e.g., void content (Costa
2001), and is more sensitive to irregularities in the matrix than other properties such as tensile
and flexural strength (Liu 2006).
As a means of testing the matrix integrity retention after binder-treatment, the composite
laminates produced in this study were tested for their interlaminar shear strength by ASTM 2344:
“Standard Test Method for Short-Beam Strength of Polymer Matrix Composite Materials and
Their Laminates.” This test involves mounting a small sample of the laminate in a miniature
three-point bending test, where the small scale of the bending generally induces shear failure at
the resin interface between the separate plies.
A custom rail mounted tool was acquired from Wyoming Test Fixtures and mounted into
the same Instron 3345 and 5 kN load cell used in the tension testing. Strips of 8 mm width were
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cut from the laminates using a diamond coated saw blade mounted on a table saw. These strips
were then cut into 22 mm long samples. The sample laminate thickness ranged from 2.7 to 3.4
mm. ASTM 2344 prescribes setting the span between the rollers, center-to-center, at four times
the sample thickness. The roller span was adjusted for each sample to meet this requirement as
close as possible, using a “mm” marking on the tool itself, with the rollers held in place with hex
bolts which were fastened snug for each test. The sample is then loaded as centrally as possible,
with the long direction spanning over the rollers. This test setup, along with a mounted sample is
seen in Figure 3-14.

Figure 3-14: Example Laminate SBS Test: Entire Setup (Left) and Closeup on Sample and
Rollers (Right)

The test procedure consisted of moving the top Instron grip downwards, which in turn
moves the top fixture plate, and the top roller mounted to that plate. Indentation of the top roller
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into the laminate causes three-point bending deformation of the small laminate sample. In typical
flexural testing, a larger roller span is used along with much larger samples and results in other
modes of failure. But with this short span between the rollers, the torque on the sample is enough
that interlaminar shear generally causes delamination before plastic failure.
The force and extension were recorded by the Instron at 10 Hz. The short-beam shear
strength (FSBS) of the sample is calculated in a similar fashion to the tensile strength, as the
maximum force measured, nominalized by the cross section, i.e., sample thickness multiplied by
sample width:
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 =

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹

(3-3)

ℎ𝑊𝑊

The stress-strain curves were linear at first, until delamination begins, at which the slope
(stiffness) decreases. Once significant delamination has occurred, the stress-strain curve reaches
an inflection point and goes to a negative slope, as the laminate no longer is able to support the
continual loading and suffers plastic deformation around the top nose. That inflection point, i.e.,
the onset of maximum delamination damage, is when the max load is measured.
In SBS testing, as per the ASTM standard (Figure 3-15), the mode of failure is to be
recorded, as this can affect the results. Some samples may break in a more plastic deformation
mode, i.e., “inelastic,” while others may fail in compression or tension flexural modes. Samples
failing in these modes are not indicative of the SBS property as it is not based on delamination.
To aid in discerning the failure mode, the sides of each sample were colored with a silver sharpie
marker, to better see the black streaks indicative of delamination.
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Figure 3-15: Possible Failure Modes in SBS Testing (ASTM 2344, 2016)

3.5.5 Microscopy
One leftover SBS sample from each binder treatment combination was used for this
analysis. These samples were stood on their long thin edges using c-shaped plastic clips, and
then potted with the MVS epoxy resin system into round plugs with the sample cross section
adjacent to a flat surface of the plug. This was then ground and polished with standard
metallurgical procedure, with progressively finer grits from 125 micrometer diamond wheel to a
suspension of 3 micrometer diamond particles.
A model Axio Observer A1m microscope was used to examine the polished sample
cross-sections for microstructural analysis. A DSLR camera (SONY Alpha SLT-A77V) was
attached (without lens) to the side view port of the microscope to capture photographs of the
39

microscope images (Figure 3-16). Images were taken of each sample using lens powers of 5x,
20x, and 100x.

Figure 3-16: Microscope Used for Microstructural Analysis
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4

RESEARCH RESULTS AND ANALYSIS

Microscopy
Figure 4-1 shows a composite image, i.e., combination of two micrographs, showing the
entire four-ply through-thickness cross-section of an MVS sample with no binder. The bright
long streaks are fibers roughly parallel to the polishing plane, i.e., normal to the view orientation.
The small white dots are fibers pointing out of the polishing plane, i.e., parallel to the view
orientation. As this reinforcement is a 0°/90° biaxial non-crimped fabric (NCF), each ply consists
of both a parallel and a perpendicular layer of fibers. The elliptical / lenticular shape of the
carbon yarns (i.e., tows) can be seen with the rounded ends of the layers. The ends of the plastic
clip, used to hold the sample upright during plug-casting, can be seen in the left and right
extremities of the composite image. There appears to be a resin-rich layer between each of the
NCF plies, as well as on the top and bottom of the laminate (adjacent to the clip arms).
Due to the vacuum leak in the bag during processing of some of the MVS resin samples,
a high void content might have occurred in these laminates. But micrographs of the laminates
showed little void content. The above images of an MVS sample with no binder, was from one
of the laminates in which the leak occurred. There are many small dark spots, especially among
the fibers parallel to the view direction. But these are too non-circular to be bubbles. Usually, a
high content of bubbles within the fiber yarns from a bag leak would be accompanied by a
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significant number of irregularly sized dark bubbles in between the yarns. There are light,
circular shapes within the inter-ply resin-rich layers, but their consistent size and lighter color
suggests that these are an additive to the resin rather than voids. Polishing artifacts, i.e., diamond
particles could cause such an appearance, but these white spots only appear over the sample, and
not over the rest of the polished plug surface between the samples.

0.7mm

Figure 4-1: Composite Micrograph of the Four-Ply Cross-Section for an MVS Sample with
No Binder Treatment

Figure 4-2 shows a similar composite image for a sample of INF with “low” tack-type
binder treatment. The image looks nearly identical to the MVS sample above. This laminate was
made with no such vacuum bag leak, again supporting the conclusion that the bag leak caused
little to no void content in the MVS samples.
Figure 4-3 shows a similar composite micrograph from the INF sample with “high”
concentration of tack-type binder. Although the tack binder was difficult to see in the “low”
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concentration micrographs (see Figure 4-2 above), the tack binder now appears as large “wet”
appearing areas within the inter-ply resin-rich regions. It seems the ability for the matrix to
dissolve the similar epoxy chemistry of the binder is limited to a particular concentration, which
may be somewhere between the “low” and “high” treatment levels used in this study.
Resin-dominated mechanical properties such as impact strength and interlaminar shear
strength are highly sensitive to void content (Liu 2006, Costa 2014). These micrographs provide
reassurance that any differences in mechanical properties will result from the binder treatments,
and not from any significant void content.

0.7mm

Figure 4-2: Composite Micrograph of the Four-Ply Cross-Section for an INF Sample with
“Low” Concentration Tack-Type Binder Treatment
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Hardness Analysis
Five neat-resin samples were tested for hardness from each binder treatment group, while
six laminate samples were tested from each. The average Shore-D hardness values for each
binder treatment group, along with their standard deviation error bars, is presented in Figure 4-4,
for both the neat-resin and laminate samples. The laminate samples display approximately 10%
higher hardness, presumably due to the fiber reinforcement supporting the surface layer of matrix
resin. There is some slight variation in the results between treatment groups, but these are small
differences with no consistent trends. Incidentally, the manufacturer-reported hardness for both
resin types is 88 on the Shore-D scale, which falls between the neat-resin and laminate sample
average values.

0.7mm

Figure 4-3: Composite Micrograph of the Four-Ply Cross-Section for an INF Sample with
“High” Concentration Tack-Type Binder Treatment
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Table 4-1 summarizes the average hardness over all samples of each resin type, along
with their standard deviation. The difference between the resin types is only 1.2% for the neatresin samples, and 0.6% for the laminate samples. These differences are less than the standard
deviation over the sets of 25 samples (neat resin) and 30 (laminate) samples. These results verify
that there is no significant difference between the samples in hardness, which in turn implies that
there is no significant difference between these samples in cure percentage. This suggests that
the comparisons for the other mechanical properties presented below are indeed related to the
binder treatment differences, and not confounded with any resin cure differences. One can
conclude that the specimens are sufficiently cured for testing and the results can be
comparatively analyzed for tensile, impact toughness, and shear strength properties.

Table 4-1: Average Hardness Results for Each Resin Type

INF

Neat Resin
82.1 +/- 1.3

Laminate
90.7 +/- 1.5

MVS

81.1 +/- 1.9

90.1 +/- 1.5

Difference

1.20%

0.60%

Figure 4-4: Hardness Results: Neat Resin Samples (Left) and Laminate Samples (Right)
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Table 4-1 summarizes the average hardness over all samples of each resin type, along
with their standard deviation. The difference between the resin types is only 1.2% for the neatresin samples, and 0.6% for the laminate samples. These differences are less than the standard
deviation over the sets of 25 samples (neat resin) and 30 (laminate) samples. These results verify
that there is no significant difference between the samples in hardness, which in turn implies that
there is no significant difference between these samples in cure percentage. This suggests that
the comparisons for the other mechanical properties presented below are indeed related to the
binder treatment differences, and not confounded with any resin cure differences. One can
conclude that the specimens are sufficiently cured for testing and the results can be
comparatively analyzed for tensile, impact toughness, and shear strength properties.

Neat Resin Analysis

4.3.1 Charpy Impact
All the neat-resin Charpy tests failed in brittle fracture. Six samples were tested for each
binder treatment variation. The average Charpy impact strength (I) for each of the sample
treatment groups is shown in Figure 4-5 along with error bars indicating the standard deviation.
The percent change in properties is also shown. The INF-resin samples showed a uniform
decrease in properties with increasing binder concentration, for both tack and spray binders.
The MVS resin samples seem to retain their impact strength better with binder treatment
than the INF samples. The MVS resin samples however show more of a non-homogenous mix of
results, with tack binder causing a lower impact strength at “low” binder concentrations, then
increasing to a higher impact strength for the “high” concentration. The MVS spray samples
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show a slight increase in impact strength after binder treatment. The cause of these inconsistent
trends in the MVS resin samples is unknown.

Figure 4-5: Neat Resin Charpy Impact Strength Results: Average Values (Left) and
Percent Change with Increasing Binder Concentration (Right)

4.3.2 Tensile
A typical stress-strain plot is shown in Figure 4-6. A slight non-linearity is observed, but
overall, the slope (the modulus) remains constant throughout the test, with what looks like
recoverable deformation up until the break. The tensile strength and modulus results for all tests
are listed in Appendix A.
Five samples were tested for each binder treatment variation. The average tensile strength
(σ) for each of the sample treatment groups is shown in Figure 4-7 along with error bars
indicating the standard deviation. The trends seem the opposite for tack and spray. Increasing
tack binder seems to lower σ for the INF resin samples and cause a smaller decrease in the MVF
resin samples. But the spray binder seems to increase the tensile strength for both resins. Several
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of the samples had a small bubble somewhere in the middle area of the dog bone, and these
bubbles often caused crack initiation and fracture at a lower force than the samples without
bubbles. This is thought to be the greatest source of scatter in these tensile strength results., and
casts doubt upon these results.

Figure 4-6: Example Neat-Resin Tensile Stress-Strain Data: Displacement Versus Force
(Left) and Strain Versus Tensile Strength (Right)

Figure 4-7: Tensile Strength for Neat-Resin Samples
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Figure 4-8 shows a similar graph with the tensile modulus results for the neat-resin
samples. In contrast with the tensile strength results, the modulus did not seem to be affected by
the presence of a bubble in the tested area of the dog bone, i.e., the slope of the tensile curves
appeared similar whether or not the test was cut short due to a bubble. Thus, these samples
showed a slightly smaller average size of error bars and are thought to be more trustworthy.
The modulus generally decreases in all cases with the increases in concentration of
applied binder, except in the case of MVS resin, which the data suggests maintains most of its
modulus when mixed with powder tackifier.

Figure 4-8: Tensile Modulus for Neat-Resin Samples: Average Values (Left) and Percent
Change with Increasing Binder Concentration (Right)

The differences between tack and spray are less for the INF resin system. In the MVS
resin system, the spray binder seems to cause a greater detriment to the modulus compared with
tack binder. Figure 4-9 shows how much each binder type decreases the tensile modulus from the
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no-binder samples, for the “high” concentration of each binder type. MVS resin samples show
better retention of modulus than INF.

Figure 4-9: Comparison Between No Binder Treatment and “High” Binder Treatment:
Percent Decrease in Tensile Modulus Results

Laminate Analysis

4.4.1 Izod Impact
An example of several post-testing samples is shown in Figure 4-10. The Izod impact samples all
failed in a mixture of A) delamination and B) fiber failure at the point of where the mounting
fixture holds the sample, roughly in the middle of each sample.
Eight samples were tested for each binder treatment variation. The higher number of
samples in each group compared to other test types is due to the inherent greater scatter in impact
testing, especially Izod type with such small samples. The average Izod impact strength (I) for
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each of the sample treatment groups is shown in Figure 4-11 along with error bars indicating the
standard deviation, and the percent change for each binder type. A general decrease in impact
strength is observed with higher binder concentration, although there are a few exceptions. The
“MVS spray low” average is higher than MVS with no binder. This may be due to the spray
adhesive acting as a filler with soft segments in the laminate allowing the impact force to
distribute more evenly along the reinforcement. The high concentration of spray in the MVS
specimens may have reduced the integrity of the matrix, which suggests that there may be an
optimal amount of spray adhesive that may be added to MVS epoxy to give a slight increase in
impact toughness. The INF specimens did not exhibit the same response from the addition of
spray adhesive though they did not seem detrimentally affected by its addition in either the
“high” or “low” concentration. The INF spray results are slightly higher for “high” concentration
than for “low” concentration, although they are very close.

Figure 4-10: Example Post-Testing Izod Impact Samples
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Figure 4-11: Laminate Izod Impact Strength Results: Average Values (Left) and Percent
Change with Increasing Binder Concentration (Right)

Figure 4-12: Comparison Between No Binder Treatment and “High” Binder Treatment:
Percent Decrease in Izod Impact Strength

Figure 4-12 shows how much each binder type decreases the Izod impact strength from
the no-binder samples, for the “high” concentration of each binder type. The results are mixed:
the MVS resin samples retain their impact strength better with tack binder than spray, while the
opposite is true in INF. On average, the INF resin samples seem to retain their Izod impact
strength slightly better than the MVS samples, when looking only at the “high” concentration
data. When factoring both “low” and “high” concentrations (see Figure 4-121 above), the two
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resins are about equal in their retention of impact strength with MVS spray “low” concentration
gaining impact strength from the addition of spray adhesive.

4.4.2 Charpy Impact
The laminate Charpy impact samples failed in a variety of failure modes, including pure
fiber fraction at the pendulum attach point, pure delamination, plastic deformation, and
sometimes mixes of all three. Figure 4-13 shows example samples with these failure modes.

Figure 4-13: Modes. Example Post-Testing Charpy Impact Samples. Failure Modes:
(Clockwise from Top) Pure Fiber Fraction, Fiber and Delamination, Delamination and
Plastic Deformation, Delamination with Plastic Deformation, All Delamination, Fiber and
Delamination Mix

Six samples were tested for each binder treatment variation. The average Charpy impact
strength (I) for each of the sample treatment groups is shown in Figure 4-14 along with error bars
indicating the standard deviation. The Charpy impact results showed an average increase in
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impact strength with binder treatment, but the error bars are high, and the trends are not
consistent. For example: low-to-high concentration changes result in increases in I half of the
time and decreases the other half of the time. The MVS samples with no binder treatment were
surprisingly and significantly lower than all the others. The addition of binder on each ply
increased the overall thickness of the laminate specimens. This minor increase in ply and
laminate thickness seems to have increased the stiffness and thereby impact strength of each
combination. If this is the case, one would expect the “high” concentrations to have the highest
impact strength, but they do not. The “low” and “high” concentration results of tack in both
MVS and INF are higher than those samples with no binder, though the “high” concentrations
are only slightly higher than those with no binder. Perhaps the one consistent trend is that the
MVS samples resulted in slightly lower Charpy impact strength than the INF resin samples.

Figure 4-14: Laminate Charpy Impact Strength Results
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These inconsistencies in trends and the high error bars may be due to the high variation in
failure mode. The type of failure was recorded for each sample and a representative score was
assigned, from 1 = complete fiber fracture, to 10 = complete delamination. For instance, in
Figure 4-13 (above), the top-most sample would be a “1” and the bottom three would all be
“10’s”. Scores in between 1 and 10 were assigned based on the relative mix of type of
deformation. The average failure mode score for each binder treatment group was plotted against
the average impact strength in Figure 4-15. The failure mode score was of course somewhat
subjective and shows high standard deviation in the broad horizontal error bars. But a general
trend exists, of increasing impact strength with high score, i.e., with more delamination instead
of fiber fracture. Fiber fracture involves high strength fibers instead of relatively weak matrix
properties as in delamination. But fiber fracture only affects a local area, whereas delamination
absorbs energy across multiple large surface areas.

Figure 4-15: Impact Strength as a Function of the Relative Failure Mode Score (from 1 =
Complete Fiber Fracture, to 10 = Complete Delamination)

55

An approximate linear fit is shown in Figure 4-15, and the linear relationship suggests
normalization of the impact strength results. Figure 4-16 shows the results, when normalized
(i.e., divided) by this failure mode score. The most significant difference between this and the
non-normalized scores shown in Figure 4-14 above, is that the samples with no binder treatment
show the highest impact strength, which is consistent with most of the other tests in the study.
An increase in binder concentration results in lower impact strength for all treatment conditions.

Figure 4-16: Average Charpy Impact Strength When Nominalized by the Average Failure
Mode Score for Each Binder Treatment Group: Average Values (Left) and Percent Change
with Increasing Binder Concentration (Right)

Figure 4-17 shows how much each binder type decreases the nominalized Charpy impact
strength from the no-binder samples, for the “high” concentration of each binder type. The tack
binder decreases I by 50 to 55% for the INF resin (both binder types), while I decreases by about
82% for the MVS resin binder types. This implies that the INF resin samples manage to retain
their failure mode-nominalized impact strength properties better than the MVS resin, irrespective
of the binder type.

56

Figure 4-17:Comparison Between No Binder Treatment and “High” Binder Treatment:
Percent Decrease in Nominalized Charpy Impact Strength Results

4.4.3 Short Beam Shear (SBS)
A typical stress-strain curve from SBS testing is shown in Figure 4-18. One can see the
initial linear slope (constant modulus) until inter-ply delamination begins at about 0.5 mm
displacement, which causes the modulus to decrease. The maximum force of about 1 kN is
reached shortly thereafter, at which point the sustained force begins to drop as the sample
plastically deforms around the upper nose.

Figure 4-18: Example Laminate SBS Data: Displacement Versus Force
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All SBS samples seemed to test in the mode of interlaminar delamination, as evidenced
by the detection of small black lines amid the silver paint after testing. Example photos are
shown in Figure 4-19, with additional sample edge photos included in Appendix B.

Figure 4-19: Example SBS Samples Post-Testing, Demonstrating the Interlaminar
Delamination Damage as Seen in Black Lines Along the Side Wall

Six samples were tested for each binder treatment variation. All test results are listed in
Appendix C. The average SBS (FSBS) for each of the sample treatment groups is shown in
Figure 4-20 along with error bars indicating the standard deviation, and the percent change for
each group. There is a uniform decrease in SBS with increasing binder application, for both
resins and both tack and spray variants. The spray binder reduces the SBS more than the tack
binder for both MVS and INF, suggesting that the spray binder directly reduces interlaminar
shear strength.
To quantify the differences, Figure 4-21 shows how much each binder type decreases the
SBS from the no-binder samples, for the “high” concentration of each binder type. The tack
binder decreases the SBS by 25 to 30% (both resin systems), while the spray binder decreases
the SBS results by about 45%. The two resin systems appear to be roughly equal in retention of
SBS properties with these binder application treatments. For both MVS and INF resin systems
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the “low” tack binder concentrations were closest to the no-binder samples with the MVS “low”
samples slightly higher suggesting that the “low” tack samples increased adhesion between each
ply better than any other concentration or binder type. The MVS samples collectively trend
lower results than the INF except with “low” tack where MVS and INF are almost the same.

Figure 4-20: SBS Results for Laminate Samples: Average Values (Left) and Percent
Change with Increasing Binder Concentration (Right)

Figure 4-21: Comparison Between No Binder Treatment and “High” Binder Treatment:
Percent Decrease in SBS Results

59

Summary
The original hypothesis of this study was that the tack-type binder would have less of a
detrimental effect on the mechanics than the spray-type binder. Figure 4-22 shows a summary of
the effect of the binder treatment, by plotting the percent change in each of the tested mechanical
properties, from the no-binder samples to the “high” concentration samples. The graph organizes
the properties by neat-resin sample testing and laminate sample testing. The tack type binder
resulted in generally higher mechanics than the spray type for the laminate sample tests. For the
neat resin samples, the results were mixed. The MVS tack samples did better than the spray
binder for Charpy and tensile modulus, but in all other cases, including both resin types for
tensile strength, the opposite was true where the spray binder did better than tack.

Figure 4-22: Percent Change from No Binder Treatment to “High” Binder Treatment, for
Each Resin, Binder Type, and Mechanical Property Tested. Black Line Highlights the
100% (No Change in Property) Threshold
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This summary figure allows other generalized comparisons as well. On average, the MVS
resin system results in better property retention than INF, even property enhancement, for the
neat resin samples. But the opposite is the case for the laminate samples, where the INF resin
samples seem to retain their properties slightly better with either binder type than the MVS resin.
It is thought that the neat-resin samples are less relevant to actual industrial application
than the laminates, as such thermoset resins would not be used due to being too brittle for neatresin usage. The net resin sample testing was performed in this study as something of a baseline,
to try to understand better the underlying science behind the property differences. A mix of
trends made this difficult to investigate. Nevertheless, three summary conclusions can be made
from this study:
1. The underlying mechanisms behind binder treatment’s effect on mechanics such as shear
and toughness, are complex, with different effects based on resin type, application type,
concentration, and fiber reinforcement.
2. For the fiber-reinforced composite samples made in this study, increasing binder
concentration, of either tack or spray, had a detrimental effect on the resin-dominate
properties such as impact strength and interlaminar shear strength.
3. For the composite samples, the tack-type binder application seemed to retain these resindominated properties slightly better than the spray-type binder.
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5

CONCLUSIONS

The hypothesis that EPON™ 2002 powder tackifier will result in better laminate mechanical
properties cannot be validated in all cases. SBS values for specimens with EPON™ 2002 were
slightly higher than those specimens with spray tackification. While the hypothesis cannot be
completely validated, the results from this study do put forth some interesting observations about
the effects of both the spray and powder tackifiers. In this work, SBS tests are the best indicator
of interlaminar bonding. While the hypothesis cannot be validated in all cases, it is valid in the
case of SBS.
The hypothesis of this study relied on the chemistry of the EPON™ 2002 molecule reacting
with the hardeners of each epoxy system. One use of EPON™ 2002 is as a flow agent in the
powder coating process where it is added to the powder to increase flow. The powder coating
process requires increased temperature exposure (around 250°C to activate the powder), turning
it into a liquid and covering the applied part. Pertaining to this study, increasing the temperature
to which the powder tackifier is exposed during processing and cure may allow it to open the
epoxy compound at each end of its molecular structure and more readily crosslink with the
epoxy system hardener.
As an alternative to increasing the heat during processing and cure, adding additional
hardener of the epoxy system to react with the EPON™ 2002 may balance the stoichiometric
ratio between hardener and resin; thus, reacting with the EPON™ 2002. As simple test of mixing
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the epoxy hardener with a small amount of EPON™ 2002 and observing it for a few hours will
show whether or not the hardener is compatible with the EPON™ 2002. Unreacted EPON™
2002 in the laminate may remain as hard micro granules that act as a poor filler that does not
properly distribute the load to the reinforcement, but through the matrix, inducing extreme stress
concentrations where it accumulates in mass.
The data suggests that varying amounts of either spray or tack can be beneficial to some
mechanical properties if applied in the “low” concentration. MVS results for SBS were slightly
increased over non-binder samples suggesting the EPON™ 2002 was able to slightly increase
interlaminar bonding. Future studies could refine the amount of tack and processing conditions
necessary to positively promote interlaminar adhesion. The MVS Izod results for “low” spray
concentration suggest that Super™ 77 can increase impact strength when applied sparingly to a
laminate. Increasing the impact strength of a composite may extend its service life if the
increased impact strength is enough to reduce or prevent the occurrence or propagation of
micro-cracking.
When designing a composite product many decisions are made to best meet the
requirements of the product while balancing budgetary requirements as well. This study has
shown that each epoxy has individual strengths that can be amplified with the addition of spray
or powder tackifiers. The concentration of tackifier must be determined and controlled on a
production basis, but it may be possible to consistently increase a desired property by the
addition of a tackifier. The “high” and “low” values in this study are not hard requirements,
when applying the principles of this work to other epoxy systems the “low” concentration
condition would be the most beneficial starting value.
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Three summary conclusions can be made from this study:
1. The underlying mechanisms behind binder treatment’s effect on mechanics such as
shear and toughness, are complex, with different effects based on resin type, application type,
concentration, and fiber reinforcement.
2. For the fiber-reinforced composite samples made in this study, “high” binder
concentration, of either tack or spray, had a detrimental effect on the resin-dominated properties
such as impact strength and interlaminar shear strength while “low” binder concentration in
MVS resin increased resin-dominated properties.
3. For the composite samples, the tack-type binder application seemed to retain these resindominated properties slightly better than the spray-type binder.

Future Study Recommendations
To better ascertain the underlying science behind binder effects on mechanics, other
common types of powder adhesives, e.g., HEXION™ 5390, as well as other brands of spray
adhesive, e.g., Airtac3, Gorilla™, Loctite™, and others could also be tested in a similar fashion.
This would allow validation of cross-application of the tack versus spray results to other
tackification products. Additionally, other epoxy systems could be tested to determine if the
increases in impact strength or SBS occur with other systems.
Studying the effect of epoxy system cure ratios on different tackifiers would help
determine if the entire amount of powder tackifier can be incorporated into the resin, reducing
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the opportunity for uncured powder between the layers. The effect of fully incorporating the
powder tackifier could result in better mechanical properties.
Another type of commonly used binder type is thermoplastic stabilizing webbing. This
type of binder is thought to be better at enhancing laminate mechanical properties instead of
decreasing them. Thermoplastic binders were not studied in this thesis but could be compared to
these tack and spray type binders in a future study.
Another area that would be of industrial utility is the effect of cure temperature on the
binder dissolution and / or spreading, i.e., what varying temperature does to the resulting
mechanical performance. The exothermic heat generated by the curing reaction may cause a
nonlinear response in properties as a function of the applied temperature.
Another area of study with high potential utility is characterization and comparison of the
health and environmental effects / concerns for each material.
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APPENDIX A. TENSILE STRENGTH AND MODULUS RESULTS

Table A-1: Tensile Strength and Modulus Results for Each Test
Specimen
Type
INF-none

INF tack
low

INF tack
high

INF spray
low

INF spray
high

Specimen Tensile
Number Strength
(MPa)
1 40.73031
2 36.31961
3 36.97147
4 45.68153

Tensile
Modulus
(GPa)
2.893135
2.349131
2.776827
2.723959

1 39.2828 2.509735
2 25.01216 2.393011
3 30.16788 2.364898
5 39.32088 2.55619
1 29.76761 2.566173
2 33.85015 1.905417
4 22.89257 2.113161
1
2
3
5

45.57945 2.478315
47.22144 2.23476
59.11464 2.592748
21.52283 2.728914

1 48.04218 2.275474
2
39.94
2.08
3
56.14
2.48
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Table A-2: Tensile Strength and Modulus Results for Each Test
Specimen
Type
MVS-none

MVS tack
low

MVS tack
high

MVS spray
low

MVS spray
high

Specimen
Number
1
2
3
4
5
6
7
9
10

Tensile
Strength
(MPa)
12.31786
18.19869
29.12727
41.93228
33.36584
20.05319
26.0999
15.23699
18.47549

Tensile
Modulus
(GPa)
2.123769
2.243139
2.159662
2.150853
2.24259
2.365249
2.181314
2.42024
2.520381

1
2
3
4

11.71823
19.06293
17.27105
23.28745

2.183521
2.068148
2.185006
2.277259

1
2
3

18.0008 2.318133
20.34625 2.065609
17.81821 2.180931

1
2
3
4

37.72393
17.06897
19.20416
23.74837

2.150844
1.711361
1.734862
2.408344

1
2
3
4
5

39.37772
37.06256
38.63946
26.18717
37.33079

2.027961
1.982416
1.736435
2.038947
2.054086
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Table A-3: Average Tensile Strength and Modulus Results for Each Group
Specimen
Group
INF-none
INF tack low
INF tack high
INF spray low
INF spray
high
MVS-none
MVS tack low
MVS tack
high
MVS spray
low
MVS spray
high

Tensile
strength
(MPa)
39.93
33.45
28.84
43.36

Tensile
strength
stdev
3.73
6.13
4.52
13.65

Tensile
modulus
(GPa)
2.69
2.46
2.19
2.51

Tensile
modulus
stdev
0.20
0.08
0.28
0.18

48.04
23.87
17.83

6.61
9.02
4.15

2.28
2.27
2.18

0.16
0.13
0.07

18.72

1.15

2.19

0.10

24.44

8.04

2.00

0.29

35.72

4.84

1.97

0.12
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APPENDIX B. POST TESTING SBS SAMPLE IMAGES

Figure B-1: SBS Test Specimens

Figure B-2: SBS Test Specimens
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APPENDIX C. SBS TEST RESULTS

Table C-1: SBS Results for Each Test
Specimen Group

inf114 spray 2-4

inf114 tack 8-10

Specimen Characteristics

Should
W

Should
L

Should
Span

Span

Max
Load

(mm)

Pm (N)

F (MPa)

12.57

1127

33.125

Notes

Sample

Thick
(mm)

W
(mm)

L
(mm)

1

3.23

7.9

22.76

2

3.2

7.97

22.76

12.57

1252

36.818

3

3.28

8.05

22.72

12.57

1078

30.620

4

3.32

7.98

22.86

12.57

1141

32.300

5

3.33

7.87

22.63

12.57

1138

32.568

6

3.32

8.05

22.88

12.57

1166

32.721

1b

3.37

7.9

23.03

12.57

1184

33.355

2

3.32

8.05

23.12

12.57

1109

31.121

3

3.36

7.78

23.05

12.57

1043

29.924

4

3.34

7.79

23.02

12.57

1118

32.227

5

3.39

8.02

23.11

12.57

1164

32.110

6

3.32

7.76

22.95

12.57

1028

29.926

1

3.38

7.99

23.14

12.57

1110

6.46

19.38

12.92
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test speed jumped up to 15 mm/min.
Replaced with 1b

Table C-2: SBS Results for Each Test (Continued)
Specimen Group
MVS spray 2-4

inf114 tack 2-4

MVS tack 2-4

Specimen Characteristics

Should
W

Should
L

Should
Span

Span

Max
Load

11

12.57

649

23.413

Notes

1

2.75

7.56

22.72

2

2.78

7.53

23.04

12.57

769

27.552

3

2.88

7.48

22.89

12.57

806

28.061

4

2.71

7.59

22.66

12.57

735

26.800

5

2.78

7.62

23.03

12.57

816

28.890

6

2.88

7.57

22.73

12.57

797

27.418

1

3.11

7.97

22.95

12.57

1314

39.759

2

3.32

7.83

22.82

12.57

1087

31.361

3

3.34

8

23.11

12.57

1175

32.981

4

3.36

7.88

22.99

12.57

1248

35.352

5

3.29

7.97

22.79

12.57

1364

39.014

6

3.33

7.93

23.05

12.57

1321

37.519

1

2.67

7.83

22.7

22.7

10.5

932

33.435

2

2.7

7.8

23

23

10.5

1049

37.358

3

2.81

7.7

22.86

22.86

996

34.524

4

2.69

7.74

22.84

22.84

1071

38.580

5

2.73

7.77

22.82

22.82

1017

35.958

6

2.72

7.35

22.8

22.8

1009

37.853

10.68
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Table C-3: SBS Results for Each Test (Continued)
Specimen Group
INF spray 8-10

MVS No Tack

INF No Tack

Specimen Characteristics

Should
W

Should
L

Should
Span

Span

Max
Load

12.5

786

24.709

Notes

1

3.16

7.55

22.9

12.64

2

3.02

7.58

23

12.08

827

27.095

3

3.12

7.51

22.9

12.48

688

22.022

4

3.21

7.9

22.7

12.84

745

22.034

5

3.12

7.67

22.9

12.48

617

19.337

6

3.22

8

22.9

12.88

728

21.196

1

2.93

7.59

22.4

11.72

1062

35.816

2

2.76

7.36

22.7

11.04

851

31.420

3

2.9

7.75

22.8

11.6

997

33.270

4

2.74

7.87

22.9

10.96

930

32.346

5

3.22

6.8

22.8

12.88

1095

37.507

6

3.21

6.67

22.9

12.84

983

34.434

1

3.22

8.03

22.9

12.88

1454

42.175

2

3.13

7.95

22.9

12.52

1395

42.046

3

3.13

8

23

12.52

1429

42.802

4

3.3

8.02

23

13.2

1525

43.216

5

3.15

7.94

23.1

12.6

1355

40.632

6

3.21

7.92

23.1

12.84

1398

41.242

74

12.5

12.5

kept going past 1st peak, stopped at
790 at 3mm
had second peak (at 696,lots of plastic
extrusion), this is the first
kept going past 1st peak, stopped at
783 at 3mm

Table C-4: SBS Results for Each Test (Continued)
Specimen Group

MVS tack 8-10

MVS spray 8-10

Specimen Characteristics

Should
W

Should
L

Should
Span

1

3.2

7.6

22.8

12.8

2

3.34

7.74

22.7

3

3.35

7.69

4

3.27

5

Span

Notes
Marked 3 at first that were much
thinner, like 12.7. Pulled them out and
replaced with fat ones

817

25.195

13.36

747

21.672

23

13.4

769

22.388

7.77

22.8

13.08

801

23.644

3.25

7.59

22.8

13

849

25.813

6

3.14

7.76

22.8

12.56

804

24.747

1

2.97

8.18

22.6

11.88

555

17.133

2

3.01

7.79

22.8

12.04

750

23.989

3

2.88

8.17

23

11.52

476

15.172

kept going past 1st peak,

4

2.88

8.22

23

11.52

438

13.876

kept going past 1st peak,

5

2.9

8.31

22.9

11.6

637

19.824

6

3.17

8.01

22.5

12.68

806

23.807
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12.5

Max
Load

12.5

Pre-notch at 557. kept going past 1st
peak, stopped at 900 at 3mm
Pre-notch at 685 kept going past 1st
peak
Several mini-notches, 1st at 582.

kept going past 1st peak, 2nd peak at
567, kept going

Table C-5: SBS Results for Each Group
Avg

Stdev

Stdev
%

Specimen
Group

42.02

0.88

2.1%

INF No Tack

36.00

3.07

8.5%

31.44

1.25

4.0%

33.03
22.73
34.13
36.28
23.91
27.02

1.87
2.51
2.07
1.83
1.49
1.74

5.7%
11.0%
6.1%
5.1%
6.2%
6.4%

18.97

3.94

20.8%

inf114 tack 2-4
inf114 tack 810
inf114 spray 24
INF spray 8-10
MVS No Tack
MVS tack 2-4
MVS tack 8-10
MVS spray 2-4
MVS spray 810
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APPENDIX D. TECHNICAL DATA SHEETS FOR MATERIALS

D.1 SAERTEX® Carbon Fabric Technical Data Sheet

Figure D-1: SAERTEX® Technical Data Sheet Page1 of 1
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D.2 HEXION™ EPON™ 2002 Technical Data Sheet

Figure D-2: EPON™ 2002 Technical Data Sheet Page 1 of 2
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Figure D-3: EPON™ 2002 Technical Data Sheet Page 2 of 2
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D.3 3M™ Super 77™ Multipurpose Spray Technical Data Sheet

Figure D-4: 3M™ Super 77™ Technical Data Sheet Page 1 of 3
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Figure D-5: 3M™ Super 77™ Technical Data Sheet Page 2 of 3
81

Figure D-6: 3M™ Super 77™ Technical Data Sheet Page 3 of 3
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D.4 PRO-SET INF-114 / INF-211 Technical Data Sheet

Figure D-7: PRO-SET® INF-114 / INF-211 Technical Data Sheet Page 1 of 2
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Figure D-8: PRO-SET® INF-114 / INF-211 Technical Data Sheet Page 2 of 2
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D.5 MVS-610 / 615 Technical Data Sheet

Figure D-9: PTM&W MVS 610/615 Technical Data Sheet Page 1 of 2
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Figure D-10: PRO-SET® INF-114 / INF-211 Technical Data Sheet Page 2 of 2
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